Despite an effective hepatitis B virus (HBV) vaccine, chronic HBV infection remains an important cause of liver cirrhosis and hepatocellular carcinoma, with an estimated 350 million chronic carriers and 620,000 annual deaths (9) . Thus, universal immunization against HBV remains an important goal which can be achieved through the inclusion of recombinant hepatitis B surface antigen (HBsAg) protein in multivalent formulations used for routine pediatric immunization (16) . Nonetheless, due to vaccine and distribution network costs, this alternative is not an option worldwide (10) . An attractive strategy to include HBV vaccination in the extended program of immunization is to use the globally distributed, safe (21) and efficacious measles vaccine as a viral vector to deliver HBsAg.
Indeed, vaccine safety and efficiency, induction of long-lasting immunity, and established production methods give measles virus (MV) great appeal as a vector to deliver foreign antigens (3) . Toward this, we previously generated vaccineidentical MVs expressing HBsAg at different levels as a function of the location of an additional transcription unit (ATU) in the MV genome. Cells infected with these viruses secreted HBsAg with a density of 1.12 to 1.15 g/ml, corresponding to that of subviral HBV particles, and no indication of incorporation of HBsAg in MV particles was obtained (6) . Importantly, both recombinant and parental MVs tested in monkeys maintained vaccine function against a wild-type MV challenge (6) . However, after a single dose, even the vectored MV expressing HBsAg at the highest level, MVvac2(HBsAg)P, induced protective levels of anti-HBs antibodies in two of four experimentally infected monkeys. We have explored here three strategies to improve the efficacy of vaccination: HBsAg expression at higher levels, repeated vaccination, and an HBsAg protein boost. The third strategy was successful.
Generation and characterization of a MV expressing HBsAg at the highest tolerated levels. We previously showed that different levels of HBsAg expression from MV-based vectors elicit vastly different anti-HBs antibody levels in mice (6) . In particular, HBsAg expression from the L-trailer, H-L, or P-M intergenic regions elicited progressively higher levels of antiHBs. However, HBsAg expression at the theoretically highest possible level interfered with efficient viral replication; a vectored MV expressing HBsAg from upstream of N was generated but grew to low titers, incompatible with vaccine use (6) .
We thus attempted to express HBsAg from the N-P intergenic region (position 1710) (Fig. 1A ), the second highest theoretically possible expression level. Using standard techniques (22), we generated MVvac2(HBsAg)N (Fig. 1A) . This vector reached a maximum titer of 10 7 50% tissue culture infective dose (TCID 50 ) at 48 h postinfection in the cell-associated fraction, and 24 h later in the medium, a growth kinetics equivalent to that of the parental strain MVvac2 or the other vectored strain, MVvac2(HBsAg)P (data not shown).
To characterize the HBsAg expressed from the new vector, proteins were extracted from infected cells at 24 h postinoculation and assayed by immunoblotting, using the MV H protein and anti-HBs antibodies (Fig. 1B) . Higher HBsAg expression was observed in cells infected with MVvac2(HBsAg)N ( Higher levels of HBsAg expression do not enhance the antiHBs response of MV-susceptible mice. To assess the immunogenicity of HBsAg expressed from the new vector, MV-susceptible mice were infected. These Ifnarko-CD46Ge mice express the MV vaccine strain receptor human CD46 with human-like tissue specificity in a type I interferon receptor knockout background (20) . Mice were inoculated with the new HBsAg-expressing vector or with the reference MVvac2(HBsAg)P vector. Additionally, 12 mice were inoculated with the parental strain, MVvac2, as a negative control. The anti-MV neutralizing titer and the anti-HBsAg response were assessed at 28 days postimmunization. As shown in Fig. 2A , all animal groups showed average MV neutralization titers in the 1:320-to-1:640 range.
The anti-HBs responses were equivalent in the two experimental groups immunized with either HBsAg-expressing recombinant virus (Fig. 2B ). As expected, none of the MVvac2-immunized mice had a positive anti-HBsAg response. Anti-HBs titers in animals immunized with MVvac2(HBsAg)N ranged from 67 to 2,100 mIU/ml and from 72 to 1731 mIU/ml in the other group. Averages were 793 versus 744 mIU/ml; the annotated P value was 0.839, corroborating the lack of statistical significance. Thus, it was not possible to further augment the anti-HBs response of mice by enhancing the HBsAg expression levels of the vectored MV.
Revaccination with vectored MV enhances the anti-HBs response in only one of four monkeys. To characterize the replication of MVvac2(HBsAg)N and the HBsAg immune response in a primate model, a group of four monkeys was immunized subcutaneously using a measles vaccine-equivalent dose (10 4 TCID 50 ) of MVvac2(HBsAg)N; two additional doses were administered 10 and 16 weeks thereafter. Additionally, 26 weeks after the initial MV inoculation, a single pediatric dose of the commercially available HBsAg vaccine (Merck and Co.)-based vaccine was administered by the intramuscular route. To compare MV-specific host responses, neutralization titers and the number of gamma interferon (IFN-␥) spot-forming cells were measured. To assess the immune response against HBsAg, antibodies and T-cell proliferation were measured.
At 7 days postimmunization, levels of viremia ranged from undetectable to 10 infectious units per 10 6 peripheral blood mononuclear cells (PBMC), which is the expected range for MV vaccine in rhesus monkeys (6) . As expected, none of the animals developed MV-related rashes or any sign of immunosuppression. To assess the genetic stability of the vectored MV after replication in a monkey, we propagated virus reisolated from PBMC and analyzed the sequence of about 1.4 kb of genome including the 0.7-kb HBsAg gene. None of the viral sequences recovered from the three viremic animals presented mutations or deletions.
As illustrated in Fig. 3A , levels of anti-MV neutralizing antibodies steadily rose up to a 1:80-to-1:320 range at 8 weeks after the initial dose of the vectored vaccine. This response increased up to four times 2 weeks after the first boost at 10 weeks, to subsequently reach a plateau at around 1:256. MVneutralizing immunity remained unchanged by the second revaccination. The cellular immune response against MV was assayed by IFN-␥ enzyme-linked immunospot assay ( Table 1) . Three of four animals presented and maintained a cell-mediated immune response of 30 IFN-␥ spot-forming cells/10 6 PBMC on average for the duration of the study. The reasons for the negative response in the fourth monkey are not known.
The humoral immune responses against HBsAg differed between monkeys (Fig. 3B) . After the first inoculation, the antiHBs response steadily rose up to 1,000 mIU/ml in one monkey. In a second monkey, anti-HBs levels rose to nonprotective levels (protective levels, Ͼ10 mIU/ml) at week 8 and stayed constant, even after two revaccinations. After the first revaccination, one monkey seroconverted, showing protective levels of anti-HBs in the range of 100 to 500 mIU/ml. The fourth monkey remained negative in spite of receiving three doses of the vectored vaccine. The titers of MV antibodies rose slightly after the first revaccination and minimally, if at all, after the second revaccination. Thus, the efficacy of revaccination in boosting anti-HBs titers was minimal.
Single boost with HBsAg strongly enhances anti-HBs levels in all animals. In an alternative strategy, the monkeys received a pediatric dose (10 g) of yeast-expressed HBsAg (Fig. 3B,  week 26 ). This resulted in a very robust response only 2 weeks after the protein boost. In each monkey, anti-HBs titers increased 100 to 1,000 times, reaching more than 50,000 mIU/ml for two animals, 2,770 mIU/ml for the animal with only subprotective levels before protein boost, and 204 mIU/ml, or about 20 times the protective level, in the animal which did not seroconvert after three immunizations with the vectored MV. To assess cellular immunity against HBsAg, we used a pool of 54 peptides in a lymphocyte proliferation assay. Lymphocytes of three out of four monkeys were positive in this assay (stimulation indices ranging from 2 to 4.2) 24 weeks after the first immunization (data not shown). Thus, a single boost with HBsAg strongly enhances anti-HBV immunity.
We have explored three strategies to improve the efficacy of vaccination with vectored MV expressing HBsAg. Two strategies failed. First, expressing HBsAg at the highest tolerated levels did not enhance anti-HBs titers in mice, or in monkeys. Second, repeated vaccination of monkeys improved anti-HBs titers in only one of four animals, and a second revaccination had no effect. We suspect that high titers of neutralizing antibodies contributed to this lack of efficacy. The third strategy worked; a single pediatric dose of HBsAg protein vaccine elicited a robust response and significantly boosted anti-HBs titers in every monkey inoculated with MVvac2(HBsAg)N. The kinetics of this response suggest that immune memory was established in all monkeys examined here, and that memory B cells sustained the rapid 100-to 1,000-times boost in anti-HBs levels.
Anti-HBs response and protection. Anti-HBs levels elicited by the alternative HBV immunization strategy based on priming the host with a vectored MV and a single dose of protein compare favorably with those obtained with another protocol based on monkey immunization with two 10-g doses of HBsAg vaccine at a 1-month interval. In this protocol, anti-HBs levels of 5, 45, 42, and 54 and 135, 321, 554, and 1,414 mIU/ml were documented 30 days after the first and second doses, respectively (Fig. 3C) ; these levels are in the same range as those observed in the weakly responding monkey in the above-described protocol, but about 100 times below those observed in the two strongly responding animals. In children and adolescents, anti-HBs titers in the 690-to Even an immunized individual who does not present protective anti-HBs titers may be protected from accidental HBV challenge, acute hepatitis, and HBV chronicity. This notion has been corroborated by challenge experiments performed with chimpanzees immunized with DNA-coding HBsAg (5) or vectored adeno-or vaccinia viruses (14, 19) . We also note that after vaccination with the recommended three-dose recombinant HBsAg schedule, specific antibodies decline within the first year and more slowly thereafter (12) . Among children (11) and adults (23) as well, low or undetectable anti-HBs titers are common within 15 years after vaccination. An anamnestic response can be readily evoked even if sero-protective levels are no longer detectable (2, 17, 24) , protecting nearly all vaccinated persons against HBV infection. Thus, even without a protein boost, vaccination with an HBsAg-vectored MV may effectively protect children from HBV contagion.
Alternative vaccination strategies. Current HBsAg-based vaccination strategies foresee three or four doses, the first one given at birth to reduce the incidence of perinatal virus transmission (1). An HBsAg-vectored MV divalent vaccine cannot be administered before about 4 to 6 months of age due to maternal antibodies to MV, and would not prevent HBV perinatal transmission. Nevertheless, even if administered at about the 1-year mark, MVvac2(HBsAg)N may extend HBV vaccination to a majority of the 73% of children worldwide who do a Viremia levels are expressed as TCID 50 /10 6 PBMC, assayed at 7 days after the first MV inoculation.
b MV cytopathic effect is documented, but the titer is too low to be measured. c Sequences covered nucleotides 1244 to 2664 of the vectored MV genome, including the complete HBsAg coding region (nucleotides 1790 to 2470).
d Cell-mediated immunity (CMI) was assayed at 4 or 12 weeks postinfection (wk p.i.) by IFN-␥ enzyme-linked immunospot assay; numbers of spot-forming cells are after subtraction of the paired medium control and adjusted to 10 not receive a dose of HBsAg at birth (4) . This regimen can be tested experimentally in monkeys. High coverage would contribute to preventing HBV transmission to the next generation.
It can also be envisaged to use the HBsAg-vectored MV vaccine, which can be given as early as 4.5 months of age (15) , to bolster the anti-HBs response conferred by an HBsAg dose at birth, reducing the number of doses of the HBsAg protein vaccine. Both of these vaccination alternatives would link the strong immunity elicited by the attenuated MV vaccine with prophylactic immunity to HBV at minimal additional cost.
